Abstract − Planktonic mixotrophic and heterotrophic dinoflagellates are ubiquitous protists and often abundant in marine environments. Recently many phototrophic dinoflagellate species have been revealed to be mixotrophic organisms and also it is suggested that most dinoflagellates may be mixotrophic or heterotrophic protists. The mixotrophic and heterotrophic dinoflagellates are able to feed on diverse prey items including bacteria, picoeukaryotes, nanoflagellates, diatoms, other dinoflagellates, heterotrophic protists, and metazoans due to their diverse feeding mechanisms. In turn they are ingested by many kinds of predators. Thus, the roles of the dinoflagellates in marine planktonic food webs are very diverse. The present paper reviewed the kind of prey which mixotrophic and heterotrophic dinoflagellates are able to feed on, feeding mechanisms, growth and ingestion rates of dinoflagellates, grazing impact by dinoflagellate predators on natural prey populations, predators on dinoflagellates, and red tides dominated by dinoflagellates. Based on this information, we suggested a new marine planktonic food web focusing on mixotrophic and heterotrophic dinoflagellates and provided an insight on the roles of dinoflagellates in the food web.
Marine dinoflagellates are ubiquitous and some genera are cosmopolitan at present (Lessard 1984; Jeong 1999; Rublee et al. 2004 ). Also, they have been easily observed in the fossil record, reflecting their ubquitous presence in the past (e.g. Radi et al. 2007) . They often dominate the plankton assemblages and sometimes form red tides or harmful blooms (e.g. Jeong 1999) . They have very diverse morphology (size, shape etc.) and genetics which are two most critical keys for their classification (e.g. Daugbjerg et al. 2000) . They have 3 different major trophic modes (i.e. autotrophic, mixotrophic, and heterotrophic) and the mixotrophic and heterotrophic dinoflagellates have diverse feeding mechanisms. Also, the mixotrophic and heterotrophic dinoflagellates are known to feed on diverse types and sizes of prey. In turn, dinoflagellates are excellent prey for mixotrophic and heterotrophic protists and mestazoans. Therefore, dinoflagellates play diverse roles in marine planktonic food webs.
In the last 2 decades, many phototrophic dinoflagellates which had previously been thought to be exclusively autotrophic dinoflagellates have been revealed to be mixotrophic dinoflagellates (i.e. capable of both photosynthesis and ingesting prey) (Jacobson and Anderson 1996; Stoecker 1999; Jeong et al. 2005c Jeong et al. , 2010 Seong et al. 2006 ). The kind of prey which these mixotrophic dinoflagellates are able to feed on is very diverse including bacteria, other dinoflagellates, and heterotrophic protists. In particular, recently, feeding by dinoflagellates on a single bacterial cell has been confirmed (Seong et al. 2006; Jeong et al. 2008) . Several dinoflagellate genera such as Karenia, Karlodinium, Lepidodinium have been discovered to have fucoxanthin or chlorophyll b as accessary pigments, not peridinin which had been thought to be the common carotenoid accessary pigment of phototrophic dinoflagellates (Watanabe et al. 1990 ; Garces et al. 2006) . Thus, it is believed that these pigments inside these dinoflagellates were originated from prey plastids through feeding (Bhattacharya et al. 2003) . Feeding is likely to be one of the most important driving forces for the evolution of dinoflagellates. When combining the nutrition of modern dinoflagellates with the presence of fossil dinoflagellates in geological records, dinoflagellates have been ubiquitous for a long time (> 100 MY) due to their diverse trophic modes and prey items. When their common prey became rare or disappeared in geological time scales, dinoflagellates might change their trophic modes and/or evolve their morphology and digestive enzymes to feed on the new prey items. Therefore, investigating predatorprey relationships among dinoflagellates and between dinoflagellates and diverse plankton and exploring roles of dinoflagellates in food webs may be critical steps in understanding the nature of the ecosystems at present and in the past and also evolution of dinoflagellates.
In this paper, we reviewed the kind of prey which mixotrophic and heterotrophic dinoflagellates are able to feed on, feeding mechanisms, growth and ingestion rates of dinoflagellates, grazing impact, and predators. In addition, we suggested a possible mechanism of the outbreak of red tides or harmful blooms dominated by mixotrophic dinoflagellates in offshore and/or oceanic waters where the nutrient concentrations are low. We also suggested new marine planktonic food webs focussing on dinoflagellates based on the literature and also addressed the roles of dinoflagellates in these food webs. In the section on the kind of prey and feeding mechanisms, i) whether dinoflagellates are able to feed on most types and sizes of prey, even very small or large prey, ii) if so, how dinoflagellates capture and ingest these diverse prey, and iii) in an evolutionary sense, whether morphological diversity of dinoflagellates could be related to their feeding mechanisms were explored. In the section on the growth and ingestion rates and grazing impact by dinoflagellates on diverse prey, iv) when these predators' sizes are similar, whether the maximum growth rates of autotrophic, mixotrophic, and heterotrophic dinoflagellates are also similar or not, v) whether the maximum ingestion rates of mixotrophic dinoflagellates are comparable to those of heterotrophic dinoflagellates or not, and vi) what are the important factors affecting the maximum growth and ingestion rates were investigated. In the section on predators, vii) whether maximum ingestion rates of major predators (other dinoflagellates, ciliates, and copepods) on mixotrophic dinoflagellates are similar to those of heterotrophic dinoflagellates and viii) whether the mortality rate of dinoflagellate prey due to predation by heterotrophic protistan and metazoan predators is critical in controlling dinoflagellate red tides were addressed.
This review paper provides an insight on how dinoflagellates come to be ubiquitous and often dominate the plankton assemblages at present and in the past, how dinoflagellates have diverse trophic modes, feeding mechanisms, and diverse prey items, and to which direction dinoflagellates have evolved their morphology and/or enzymes.
Trophic Modes
Marine dinoflagellates have 3 major trophic modes (i.e. autotrophy, mixotrophy, and heterotrophy) (Lessard and Swift 1985; Burkholder et al. 1992; Steidinger et al. 1996; Sherr and Sherr 2002; Mason et al. 2007 ). Phototrophic dinoflagellates (autotrophic or mixotrophic dinoflagellates) have been thought to be one of the most important phytoplankton groups for a long time. Therefore, there have been many studies on the ecology and physiology of the phototrophic dinoflagellates assuming that they were exclusively autotrophic dinoflagellates (e.g. Smayda 1997) . They have often formed huge red tides which have sometimes caused large-scale mortalities of fin-fish and shellfish and thus great losses to the aquaculture and tourist industries of many countries (ECOHAB 1995; Azanza et al. 2005) . The mechanisms of the outbreak, persistence, and decline of the red tides dominated by phototrophic dinoflagellates have also been studied based on the assumption that they were exclusively autotrophic dinoflagellates. However, many phototrophic dinoflagellates have recently been revealed to be mixotrophic dinoflagellates (MTDs) and thus the study on phagotrophy of phototrophic dinoflagellates is rapidly increasing (Larsen 1988; Jacobson and Anderson 1994; Granéli et al. 1997; Jeong et al. 1997; Adolf et al. 2006; Burkholder et al. 2008 ). In addition, recently some newly described phototrophic dinoflagellate species have been revealed to be mixotrophic dinoflagellates (e.g. Kang et al. 2010; Yoo et al. 2010 ). Thus, mixotrophy by the causative phototrophic dinoflagellate species should be considered when the mechanisms of the outbreak, persistence, and decline of red tides are being explored.
Heterotrophic dinoflagellates (HTDs) have been known to have diverse feeding mechanisms and feed on diverse prey (e.g. Hansen and Calado 1999) . Recently, their feeding mechanisms and prey items have been newly discovered (e.g. Jeong et al. 2008 ). Thus, difference in maximum growth rates among similar-sized autotrophic, mixotrophic, and heterotrophic dinoflagellates and differences in the kind of prey, feeding mechanisms, and maximum ingestion rates between MTDs and HTDs may give a clue to understanding the evolution in the trophic modes of dinoflagellates in a geological time scale.
The Kind of Prey which Dinoflagellates are Able to Feed on
Mixotrophic and heterotrophic dinoflagellates usually co-occur with diverse types and sizes of plankton in marine environments. Thus, the following questions arise; (1) Are dinoflagellats able to feed on most plankton taxa? Even toxic prey species? (2) Is the kind of prey which MTDs are able to feed on different from that of HTDs? (3) Are dinoflagellats able to feed on plankton prey with a wide range of size, even very small (i.e. bacteria) or large prey (larval fish)? If so, how do dinoflagellates capture and ingest these very small or large prey? (i.e. what are their feeding mechanisms?) (4) Is the lower or upper prey size limit affected by the predator size?.
2a. Prey taxa
Both MTDs and HTDs have been known to feed on diverse taxa including phototrophic (Strom 1991; Jeong et al. 2005b ) and heterotrophic bacteria (Jeong et al. 2008) , pico-eukaryotes (Lee 2006) , cryptophytes (Li et al. 2000) , haptophytes (Goldman et al. 1989; Berge et al. 2008) , chlorophytes (Strom and Buskey 1993) , prasiophytes (Berge et al. 2008) , raphidophytes (Nakamura et al. 1995) , diatoms (Jacobson and Anderson 1986; Menden-Deuer et al. 2005; Yoo et al. 2009 ), other dinoflagellates (Adolf et al. 2007; Tillmann 2004 ), heterotrophic nanoflagellates (Jeong et al. 2007b) , and ciliates (Hansen 1991; Coats 1993a, 1993b) (Table 1) . However, some HTDs have been reported to be able to feed on the blood, flesh, eggs, early naupliar stages, and adult forms of metazoans, while MTDs Nygaard and Tobiesen (1993) , (2): Lessard and Swift (1985) , Glasgow (1995, 1997) , (3): Jeong et al. (2008) , (4): Burkholder and Glasgow (1995) , (5): Jeong et al. (2005b) , (6): Strom (1991) , Glasgow et al. (1998) ; (7): Lee (2006) , (8): Li et al. (2000) , Jakobsen et al. (2000) , Stoecker et al. (1997 ), (9): Feinstein et al. (2002 , (10): Strom and Buskey (1993), (11): Jakobson and , (12): Berge et al. (2008) , (13): Goldman et al. (1989) , (14): Hansen et al. (1996) , (15): Nakamura et al. (1992) , (16): Jeong et al. (2006 Jeong et al. ( , 2007a , (17): Legrand et al. (1998) , Bockstahler and Coats (1993b) , (18): Naustvoll LJ (1998), Nakamura et al. (1995 ), Hansen PJ (1992 , Strom and Buskey (1993) , (19): Parrow et al. (2001) , (20): Menden-Deuer et al. (2005) , (21): Skovgaard (1996a) , Hansen and Nielsen (1997) , (22): Nakamura et al (1995) , (23): Jeong et al. (unpubl.data) , (24): Jeong et al. (2007b) , (25): Smalley et al. (1999) , Coats (1993a), Hansen PJ (1991) , (26): Park et al. (2006 ), (27): Bursa AS (1961 , (28): Jeong (1994b) , (29): Burkholder and Glasgow (1997) were not (e.g. Jeong 1994b Jeong , 2007a . Among HTDs, the pallium (feeding veil) and peduncle (feeding tube) feeders were known to be able to feed on these animal prey items, while the engulfment feeders were not (see feeding mechanism section for details). For the engulfment feeding HTDs, eggs, early naupliar stages, and adult forms of metazoans are too large to engulf. There are some MTD species that feed on prey using a peduncle Berge et al. 2008; Jeong et al. 2010; Yoo et al. 2010) . Therefore, it is worthwhile to discover any MTD that is able to feed on these animal prey items. Even though several MTDs and HTDs have co-occurred with euglenophytes during euglenophyte blooms (our unpublished data), there has been no study on feeding by MTDs and HTDs on euglenophytes yet. It is worthwhile to explore this topic to understand the dynamics of euglenophytes and roles of dinoflagellates in these dynamics. Also, there has been no study on the feeding by MTDs on chlorophytes yet. Further study on whether MTDs and HTDs are able to feed on prey not tested yet is necessary (Table 1) .
2b. Toxic prey
Some MTDs and HTDs were able to feed on toxic algae; the MTDs Lingulodinium polyedrum and Akashiwo sanguinea were able to feed on the toxic dinoflagellate Alexandrium tamarense (Jeong et al. 2005c) ; also, the HTDs Polykrikos kofoidii fed on the toxic MTD Gymnodinium catenatum and detoxified the toxin produced by the prey (Jeong et al. 2003b ). These dinoflagellates may have enzyme-detoxifying phytotoxins and it is worthwhile to explore the presence and nature of these enzymes. Dinoflagellates may evolve to feed on toxic algae which might evolve to have toxins for anti-predation.
2c. Size of prey and predator
The size range of plankton co-occurring with dinoflagellates are very wide, from very small bacteria to large larval fish. Many think that a single bacterium cell is too small to be eaten by dinoflagellates. Some studies reported signs of bacteria inside some MTD and HTD predators using bacteria prelabelled with tritiated-thymidine (Lessard and Swift 1985; Nygaard and Tobiesen 1993) . However, these studies neither reported the feeding behavior of HTDs on bacteria nor provided transmission electron microscopy (TEM) pictures showing ingested bacterial cells or bacteria sized beads in the food vacuoles inside the protoplasm of predator cells. Therefore, for a long time, some argued that the signs of bacteria inside the dinoflagellate predators might be derived from detritus to which the bacteria are attached or labelled bacteria sticked to the predator surface. Recently, Seong et al. (2006) and Jeong et al. (2005b Jeong et al. ( , 2008 , using confocal microscopy, TEM, and video microscopy (see details in the feeding mechanism section), have clearly showed that MTDs and HTDs were able to feed on a single bacterium cell. Therefore, the lower prey size limits of MTDs and HTDs goes down to pico-size. In many previous studies, the lower prey size limits of MTDs and HTDs had .687 (p<0.005) (At: Alexandrium tamarense, As: Akashiwo sanguinea, Cp: Cochlodinium polykrikoides, Fm: Fragilidium cf. mexicanum, Gc: Gymnodinium catenatum, Gi: Gymnodinium impudicum, Ht: Heterocapsa triquetra, Lp: Lingulodinium polyedrum, Pd: Prorocentrum donghaiense, Pmc: P. micans, Pm: P. minimum, Pt: P. triestinum, St: Scrippsiella trochoidea, Oxy: Oxyrrhis marina, Gdo: Gyrodinium dominans, Gsp: Gyrodinium spirale, Poly: Polykrikos kofoidii) been reported to be 3-4 µm (Hansen 1992; Jakobsen and Hansen 1997; Hansen and Calado 1999) . These studies tested algal prey with the assumption that dinoflagellates might feed on prey using raptorial feeding (see feeding mechanism section). However, some small HTDs fed on a single bacterum cell using feeding mechanisms (filter/ interception feeding) different from those used for large algal prey (Jeong et al. 2008) . Discovery of new feeding mechanisms of dinoflagellates might give a clue for understanding feeding by dinoflagellates on a single bacterium cell.
For the engulfment feeding dinoflagellates, the size (Equivalent Spherical Diameter, ESD) of the largest prey which MTDs are able to feed on was significantly positively correlated with the ESD's of the predators (p<0.005, linear regression ANOVA; Fig. 1A ). These MTDs engulf large prey cells through the sulcus which is in general proportional to the body size (Jeong et al. 2005c ). Thus, in general the upper size limit of prey for the engulfment feeding MTDs is (6, 7, 9, 11, 13, 15 ) Paragymnodinium shiwhaense 12.4 proportional to the predator size (Table 2) . However, the ESD of the largest prey which the engulfment feeding HTDs are able to feed on was not significantly positively correlated with the ESD's of the predators (p>0.1; Fig. 1B ). When the sizes are similar, the upper prey size limits of the HTDs were larger than those of MTDs and thus the ratios of predator to prey size for the HTDs were clearly lower than those of the MTDs (Fig. 1A and B) . These HTDs may have more flexible sulcus than the MTDs. Also, microtubles involved in opening and closing sulcus of HTDs may be more well developed than MTDs. In addition, force involved in pulling prey cells into the protoplasm of HTDs may be stronger than those of MTDs. Further study on this topic is necessary. The pallium feeding HTDs or peduncle feeding MTDs and HTDs are able to feed on prey larger than themselves (Gaines and Taylor 1984; Jacobson 1987; Jeong et al. 2007a; Berge et al. 2008; Yoo et al. 2010 ) (see next subsection for details). Therefore, their upper prey size limits are larger than those of the engulfment feeding MTDs and HTDs.
Feeding Mechanisms and Evolution in Morphology
Dinoflagellates are able to feed on diverse types and sizes of prey as mentioned above. Thus, several questions arise; (1) what are feeding mechanisms of dinoflagellates? Are they diverse? (2) Is there any dinoflagellate having 2 or more feeding mechanisms? (3) What makes feeding mechanisms of dinoflagellates be diverse? (4) Is there any relationship between the morphology and feeding mechanisms of dinoflagellates?
3a. Types
In general, there are 3 major feeding mechanisms of freeliving protists (Boenigk and Arndt 2000; Fenchel 1987; Sleigh 1989 ): raptorial feeding, filter/interception feeding, and diffusion feeding. In raptorial feeding, predators search, capture, ingest, and digest prey cells, while in filter/ interception feeding, predators generate feeding currents and filter or intercept prey cells in the feeding current. In diffusion feeding, predators wait until prey cells arrive in the feeding part of the predators and ingest the prey cells. For a long time, many studies reported that planktonic dinoflagellates fed on prey cells using raptorial feeding because these studies focused on nano-sized or larger prey.
3b. The number and size of the mouth
There are 3 major feeding mechanisms in the raptorial feeding; direct engulfment feeding, pallium feeding, and peduncle feeding. Direct engulfment feeders ingest prey cells through openings (like mouth) of the predator body. Thus, several questions arise; (1) where is a mouth? (2) Is there only one mouth in a dinoflagellate? (3) Is it located in a similar area among dinoflagellates? Most dinoflagellates are known to engulf a prey cell through the sulcus (Skovgaard 1996a; Jeong et al. 2005c ). However, recently it was found that the MTDs Gonyaulax polygramma and Scrippsiella spp. engulfed a small prey through the apical horn, whereas they engulfed a larger prey through the sulcus (i.e. 2 mouths; Jeong et al. 2005c Jeong et al. , 2005d . Surprisingly, Prorocentrum spp. engulfs prey cells through sutures on the sides of several parts of their bodies (i.e. multiple mouths; Jeong et al. 2005c) . Sometime a P. micans cell engulfed 3 cyryptophyte prey cells at 3 different locations simultaneously. Therefore, the sulcus, apical horn, and suture are mouths of dinoflagellates and some dinoflagellates have 2 or more mouths. Considering the locations through which the dinoflagellates engulf, the dinoflagellates are close to amoebae that engulf prey cells through several parts of the body rather than common ciliates that engulf prey cells through the cytostome.
The size of the opening (sulcus, apical horn, suture etc.) is likely to be one of the critical factors determining predator and prey in the feeding battle among the engulfment feeding dinoflagellates (Jeong et al. 2005c) . For dinoflagellates ingesting a prey cell through the sulcus, having a large displacement of the cingulum and/or extension of the sulcus may provide an advantage in engulfing larger prey cells over dinoflagellates with smaller or no displacement of the cingulum (Fig. 2) . The engulfment feeding dinoflagellates may evolve to have larger openings to engulf larger prey cells. Dinoflagellates may develop pallium or peduncle feeding mechanisms to feed on prey larger than the predator themselves, as mentioned above. Some pallium and peduncle feeding dinoflagellates are able to feed on prey 10 times larger than themselves (e.g. Jacobson 1987) . Unlike most engulfment feeding dinoflagellates, several pallium and peduncle feeding dinoflagellate cells are able to attack a prey cell simultaneously (Jeong 1994b) . When the range of size and types of prey are considered, the pallium or peduncle feeding dinoflagellates may be more evolved than the direct engulfment feeding dinoflagellates.
3c. Feeding mechanism for bacterial prey
Is a dinoflagellate able to feed on bacterium cells using raptorial feeding? Dinoflagellates may have difficulty in detecting and capturing tiny bacterium cells. Jeong et al. (2008) revealed that the HTDs Oxyrrhis marina and Gyrodinium spp. fed on a single bacterium cell like filter/ interception feeders; they generate feeding currents using the flagella. In O. marina feeding, feeding currents moved from above the predator toward the cingular depression of the predator along the flow lines (Fig. 3A) . O. marina intercepted and then ingested a single bacterial cell in the feeding current. In Gyrodinium spp. feeding, feeding currents flowed from above the epicone of the predator, via the long and narrow sulcus, to below the hypocone of the predator or flowing along the sides of the body of the predator, via the cingulum and the sulcus, to below the hypocone. Gyrodinium spp. ingested a single living bacterium in the feeding currents when the prey arrived at the lower part of the sulcus, by interception. Displacement in the cingulum of dinoflagellates (like Gyrodinium spp.) makes a longer and narrower sulcus that in turn may generate a stronger feeding current due to venturi effect (Fig. 3B) . Also, bacterial cells in the narrower sulcus may be more easily captured by the predator than those in the wider sulcus. The peduncle cover of Pfiesteria piscicida is likely to make a narrow duct and thus may also generate a strong feeding current to feed on pico-sized prey (Fig. 3C) . Thus, morphological characteristics of HTDs such as cingular depression, long and narrow sulcus, and probably peduncle cover may be a result of evolution to feed on pico-sized prey. It is worthwhile to explore relationships among the morphology, feeding mechanisms, and evolution of dinoflagellates.
3d. Number of feeding mechanisms for a dinoflagellate predator
Oxyrrhis marina and Gyrodinum spp. exhibit 2 different feeding behaviors; they feed on pico-sized prey as described above and they engulf nano-or micro-sized prey through the cingulum depression and the sulcus. The MTD Karlodinium armiger also exhibit 2 different feeding mechanisms (Berge et al. 2008) : it fed on small prey cells using direct engulfment, while it fed on large prey using peduncle feeding. Some dinoflagellates may have evolved to feed on more diverse prey items by utilizing different feeding behaviors depending on the type and/or size of prey. These dinoflagellates have an advantage in gaining energy compared to predators that have only one feeding behavior that limits them to being able to feed on only a certain sized prey.
Which feeding mechanism of dinoflagellates is better? The MTD Fragilidium cf. mexicanum can feed on the HTD Fig. 3 . Some morphological characteristics of heterotrophic dinoflagellates such as cingular depression (A. Oxyrrhis marina), long and narrow sulcus (B. Gyrodinium sp.), and probably the peduncle cover of Pfiesteria piscicida (C) may be a result of evolution to feed on pico-sized prey. Displacement in the cingulum of dinoflagellates (B) makes a longer and narrower sulcus which in turn may generate a stronger feeding current due to venturi effect. c: cingular depression, s: sulcus, pc: peduncle cover (12): Hansen and Nielsen (1997) , (13): Jeong et al. (1999a) . *: Heterotrophic dinoflagellate conducting mixotrophy using kleptoplastids from prey cells.
Protoperidinium cf. divergens, while P. cf. divergens also feed on F. cf. mexicanum (Jeong et al. 1997) . However, in general, F. cf. mexicanum predominates over P. cf. divergens in their competition even though their sizes are similar. Also, the engulfment feeding Oxyrrhis marina dominated over the peduncle feeding Pfiesteria piscicida, Stoeckeria algicida, and Luciella masanensis (Jeong et al. 2007c) . Therefore, engulfment feeding may be a more effective feeding mechanism than pallium feeding or peduncle feeding if there are no supplementary tools such as nematocysts or trichocysts. Feeding mechanisms may be a critical factor determining predator and prey relationships among dinoflagellates and thus it is worthwhile exploring this topic further.
Growth and Ingestion Rates
The range of the growth and ingestion rates of dinoflagellates is very wide (Table 3, 4, 5). The growth and ingestion rates of dinoflagellates have been known to be affected by diverse factors; prey species and concentrations are primary factors affecting the rates (e.g. Jeong et al. 2007a) . In this section, we examined whether the growth and ingestion rates of dinoflagellate predators are also affected by size, trophic mode, or feeding mechanisms of the predators or not.
4a. Predator size effect
When the optimal prey for each dinoflagellate predator species was provided, MGRs of dinoflagellates growing autotrophically (ATDs) and HTDs were significantly (18): Jeong and Latz (1994) negatively correlated with the predator size (p<0.01 for ATD and p<0.005 for HTD; Fig. 4 ). However, MIRs of MTDs and HTDs were significantly positively correlated with the predator size (p<0.01 for MTD and p<0.05 for HTD; Fig. 5 ). When single prey item was offered, feeding by dinoflagellates on some prey was affected by the predator size, while that on other prey was not; ingestion rates by MTDs and HTDs on heterotrophic bacteria (ESD < 0.5 µm) were not significantly affected by the size of the predators (Seong et al. 2006; Jeong et al. 2008) , while those on the cyanobacterium Synechococcus sp. (ESD = 2 µm) were affected (Jeong et al. 2005b ). Ingestion rates by engulfment feeding MTDs on an unidentified cryptophyte were also affected by the predator size (Jeong et al. 2005c) . Thus, for the filter/interception feeding dinoflagellate predator (on heterotrophic bacteria), the shape (cingulum depression, displacement of the cingulum as described above) of the dinoflagellate predators may be more important than the size, while for engulfment feeding dinoflagellate predator (on larger algal prey), the size of the predator may be an important factor affecting the ingestion rates of the predators.
4b. Trophic mode effect
The highest MGR of the HTDs (1.7 d -1 for Pfiesteria piscicida; Jeong et al. 2006 ) is double the highest MGR of dinoflagellates growing autotrophically (0.94 d -1 for Prorocentrum minimum; Kondo et al. 1990) (Table 3, 4, 5) . Also, MGRs of small HTDs are much higher than those of similar sized ATDs (Fig. 4) . Energy gain of small HTDs through feeding may be higher than that of small ATDs through photosynthesis. Also, enzymes involved in photosynthesis may lower MGRs of dinoflagellates and it is worthwhile exploring this topic. The range of MIRs of each HTD was 0.04-24.4 ng C dinoflagellate
, while that of each MTD species was 0.03-7.0 ng C dinoflagellate (Fig. 5) . Also, MIRs of HTDs were higher than those of similar sized MTDs (Fig. 5) . Heterotrophic activity of HTDs (feeding and digestion) is likely to be higher than that of MTDs. Based on these results, we suggest that to increase growth and ingestion rates, some MTDs may evolve to HTDs by discarding the plastids. It is worthwhile to explore the relationships between growth and ingestion rates of dinoflagellates and evolution. .472 for heterotrophic growth (n=25, p<0.005). Gymnodinium gracilentum (Gg) is a heterotrophic dinoflagellate conducting mixotrophy using kleptoplastids from prey cells and thus was treated as a MTD in this calculation. Temperature effect was not considered because optimal temperature for each dinoflagellate species is different from the other ) of phototrophic dinoflagellates growing mixotrophically (open circles) and heterotrophic dinoflagellates (closed circles) as a function of the size (Equivalent Spherical Diameters, ESD, µm) of the predator when each predator fed on the optimal prey species (see Table 4 , 5). The equation of the regression was MIR (ng C dinoflagellate 
4c. Feeding mechanism effect
When the predators' ESDs were < 21 µm, the mean of the 3 highest MGRs of the peduncle feeders (Pfiesteria piscicida, Stoeckeria algicida, and Luciella masanensis) was significantly higher than that of the engulfment feeding HTDs (Oxyrrhis marina, Gymnodinium sp., and Gyrodinium dominans) and the pallium feeding HTDs (Protoperidinium bipes, P. hirobis, and P. vorax) (p<0.05 for both, one-tailed t-test) which were not significantly different from each other (p>0.1, two-tailed t-test) (Fig. 6A) . To the contrary, the mean of the 2 highest MIRs of the peduncle feeders was significantly lower than that of the engulfment feeders and the pallium feeders (p<0.05, one-tailed t-test) which were not significantly different from each other (p>0.1, two-tailed t-test) (Fig. 6B) . Therefore, the growth efficiency of the peduncle feeders is higher than that of the engulfment feeders or the pallium feeders; The peduncle feeding HTDs may spend less energy cost to feed, ingest, and grow compared to the engulfment feeding or the pallium feeding HTDs. Engulfing a prey cell may spend large energy in opening and closing the sulcus or the apical horn, the suture using microtubletes. Also, the pallium feeding may spend large energy in towing and handling large prey cells and in form large pallium. However, the peduncle feeding HTD may just form tiny feeding tube and suck prey materials.
4d. Optimal prey size
When the MGR of each dinoflagellate species on its optimal prey was achieved, the range of the ratios of MTD predator to prey size (0.8-5.8) is similar to that of HTD predator to prey size (0.4-5.3) (Fig. 7A and B) . The high MGRs (i.e. > 0.8 d -1 for MTDs and > 1.2 d -1 for HTDs) were obtained when the ratios for MTDs and HTDs were 1.1-2.4 and 0.4-2.2, respectively. The ratios of predator to prey size when the 3 highest MGRs were achieved were 0.4-1.3 for the pallium feeding HTDs, 1.3-1.4 for the engulfment feeding HTDs, and 1.2-2.2 for the peduncle feeding HTDs (Fig. 7B) . The lowest ratio was achieved by the pallium feeding HTDs because they are able to feed on prey larger than themselves (e.g. Naustvoll 2000) .
When the high MIRs (i.e. > 5 ng C dinoflagellate -1 for HTDs) were obtained, the range of the ratios of HTDs predator to prey size (0.9-2.6) was wider than that of MTDs (0.8-1.4) (Fig.  7C-D) . When the 2 highest MIRs were achieved, the ratios of predator to prey size of pallium feeding HTDs (0.9-1.0) were markedly lower than those of peduncle feeding HTDs (1.2-2.2). Therefore, the highest MIRs were achieved when the pallium feeding HTDs fed on prey similar to themselves, while the peduncle feeders feed on prey having half the size of the predators. Therefore, the optimal ratios of predator to prey size of dinoflagellates are affected by the types of the feeding mechanisms, which may cause separation of ecological niches of the dinoflagellates.
4e. Light and nutrient effects
In addition to the biological factors, light and nutrient conditions sometimes affect the ingestion rates of MTDs; , B) of heterotrophic dinoflagellates having different feeding mechanisms as a function of the size (Equivalent Spherical Diameters, ESD, µm) of the predator when each predator fed on the optimal prey species (see Table 5 the ingestion rates of the MTDs Fragilidium subglobosum, Gymnodinium gracilentum, and Karlodinium veneficum (previously Gyrodinium galatheanum and Karlodinium micrum) increased continuously, or increased and then were saturated, with increasing light intensity up to ca. 75-100 µE m -2 s -1 (Skovgaard 1996b , Hansen and Nielsen 1997 , Li et al. 2000 , while those of F. cf. mexicanum (20-200 µE m -2 s -1
, Jeong et al. 1999a ) and P. minimum (between 6% and 100% incident light intensity; Stoecker et al. 1997) were not significantly affected by light intensity under the provided conditions. The ingestion rates of Ceratium furca and K. veneficum were also affected by nutrient conditions (Li et al. 2000; Smalley et al. 2003) , while that of F. cf. mexicanum (Jeong et al. 1999a ) was not significantly affected by nutrient conditions. Therefore, the effects of light and nutrient conditions on feeding in MTDs may depend on the species. Mixotrophy in phototrophic dinoflagellates, whose feeding is not affected by light and nutrient conditions, may enable the dinoflagellates to have an advantage in surviving using photosynthesis when the abundance of prey is low, while mixotrophy in phototrophic dinoflagellates, whose feeding is affected by light and nutrient conditions, may enable the dinoflagellates to have an advantage in surviving, using phagotrophy when light and nutrient conditions are not favorable for photosynthesis. Therefore, light and nutrient conditions may be important driving forces on the evolution of trophic modes of MTDs.
Grazing Impact by Dinoflagellates on the Natural Populations of Prey
Dinoflagellate predators often have considerable grazing impact on and sometimes control the natural population of prey including heterotrophic bacteria (Seong et al. 2006; Jeong et al. 2008) , cyanobacteria (Jeong et al. 2005b) , nanoflagellates (Jeong et al. 2007b) , diatoms (Jeong et al. ) and ingestion rates (MIR, ng C dinoflagellate
) of mixotrophic (A, C) and heterotrophic dinoflagellates having different feeding mechanisms (B, D) as a function of the ratio of predator relative to prey size when each predator fed on the optimal prey species (see Table 5 ) (Pink triangles: Peduncle feeders (PE), Green squares: Direct engulfment feeders (EG), Blue circles: Pallium feeders (PA)) 2004d; Yoo et al. 2009 ), other dinoflagellates (Jeong et al. 2005c) , and ciliates (Smalley and Coats 2002) . In general, the grazing impact by MTDs and HTDs on a population of co-occurring prey increased with increasing the abundance of the dinoflagellate predators. The ingestion rates and also grazing impact by dinoflagellates on bacteria are comparable to those by mixotrophic nanoflagellates (MNF) or HNFs because the abundance of the former predators is also comparable to that of the nanoflagellates (Seong et al. 2006; Jeong et al. 2005b Jeong et al. , 2008 . However, the abundance of dinoflagellates is usually much higher than that of ciliates or copepods. Therefore, even though the ingestion rates of dinoflagellates are lower than that of ciliates and copepods, grazing impact of the former predators on natural population of prey are usually higher than that of the latter predators. For example, grazing coefficients attributable to Acartia spp. on Prorocentrum minimum in the Korean coastal waters (0-0.001 h ) may be responsible for these lower grazing coefficients, even though the ingestion rates of Acartia spp. on P. minimum (10,900 ng C grazer
) are much higher than that of Gyrodinium spp. (1-14 ng C grazer
). Therefore, when investigating the population dynamics of target prey, we must measure the grazing impact by dinoflagellate predators.
Mortality due to Predation
To explore the population dynamics of dinoflagellates, the mortality rate due to predation in addition to the growth rate should be obtained. Other MTDs (Jeong et al. 2005c) , HTDs (Hansen 1991) , ciliates (Jeong et al. 1999b) , copepods (Berggreen et al. 1988; Jeong 1994a; Kim and Jeong 2004;  (2007), (6): Lee (1998) , (7): Nakamura et al. (1995) , (8): Hansen (1992) , (9): Buskey (1997) , (10): Jeong et al. (2001b) , (11): Jeong and Latz (1994) , (12): Jeong et al. (2007b) Verity and Paffenhöfer 1996), larvae of mussels (Jeong et al. 2004a ) and polychaeta (Song and Jeong unpubl. data; Watras et al. 1985) , rotifers (Heinbokel et al. 1988) , and larval fish (Scura and Jerde 1977) have been known to feed on MTDs. Also, HTDs were fed by MTDs (Jeong et al. 1997) , other HTDs, ciliates (Jeong et al. 2004b; Stoecker et al. 2002) and copepods (Koski and Riser 2006) . However, there has been no report on the feeding by larvae of mussels and polychaeta and rotifers on HTDs yet and it is worthwhile to explore this topic. The range of the ingestion rates of heterotrophic protistian and metazoan predators on MTDs and HTDs is very wide because the taxonomical characteristics, the size, and feeding mechanisms of these predators are diverse and the morphological and biochemical properties of MTD and HTD prey are also diverse.
6a. Predation rates of diverse predators
There have been many studies on ingestion rates of heterotrophic protists and metazoans on MTDs (Table 6, 7, 8) . The maximum ingestion rates (MIRs) of HTD species on the optimal MTDs (0.3-24.4 ng C grazer
) was comparable to that of the small ciliates (< 40 µm in body length; 20-23 ng C grazer
), but markedly lower than that of the larva of the mussel Mytilus galloprovincialis (69 ng C grazer ) were ca. 10-1000 times higher than those of heterotrophic protists (Table 8) . The maximum clearance rates (MCRs) of HTDs, ciliates, and metazoans on MTDs showed a pattern similar to MIRs; MCRs of the HTD species on MTDs (0.01-5.9 µl grazer ) were also ca. 10-1000 times higher than those of heterotrophic protists (Table 8) . Therefore, in MIRs and MCRs of the predators on MTDs, the general sequence was copepods > large ciliates = the larvae of benthos > small ciliates = HTDs.
There have been only a few studies on feeding by other HTDs or ciliates on HTDs (Jeong et al. 2004b (Jeong et al. , 2007c . The MIR of the HTD Oxyrrhis marina on HTDs (0.3 ng C grazer
) was much lower than that of the large ciliate Strombidinopsis jeokjo (108 ng C grazer
) (Table 6, 7). Note. (1): Stoecker and Evans (1985) , (2) ) was also much lower than that of S. jeokjo (14.5 µl grazer Table 6, 7) . Large ciliates may be one of the major predators on HTDs. MIRs (0.7-5.0 µg C copepod
) and MCRs (2.5-32.6 ml copepod
) of the copepods on HTDs were also ca. 10-1000 times higher than those of heterotrophic protists (Table 6, 7, 8) . To understand the population dynamics of HTDs, much more study on the mortality rate due to predators is necessary. Calbet et al. (2003) showed that grazing by microzooplankton (several ciliates and rotifers) on the toxic MTD Alexandrium minutum was much higher than that by copepods. Higher abundance of microzooplankton than copepods might cause this difference. Therefore, when exploring mortality of dinoflagellates due to predation, we must measure feeding by both microzoolpankton and metazooplankton predators on dinoflagellates.
6b. MTD prey vs HTD prey
The growth and ingestion rates of the HTD Oxyrrhis marina on MTDs (n=3) were significantly higher than those on HTDs (p<0.05, one tailed t-test; Fig. 8A ). The ingestion rates of the large ciliate Strombidinopsis spp. (n=5) on MTDs were also significantly higher than those on HTDs (p<0.05; Fig. 8B ), even though the growth rates of Strombidinopsis spp. on MTDs were not significantly higher than those on HTDs (p>0.1). The highest MIRs of the copepods Acartia spp. on MTDs were also clearly greater than those on HTDs (Fig. 8C) . Therefore, compared to MTDs, HTDs may have more effective anti-predation tools against these predators. The maximum swimming speeds of HTDs (Pfiesteria piscicida, Stoeckeria algicida, and Luciella masanensis) were much higher than those of MTDs (Amphidinium carterae, Karlodinium veneficum, and Prorocentrum minimum). Higher swimming speeds of the HTDs may escape from being captured by predators compared to MTDs. Also, these HTDs may attack the predators, while MTDs have been not known to attack the predators yet (Jeong et al. 2007c ).
6c. Toxic dinoflagellate prey
Toxins of dinoflagellate prey may kill potential predators, be not eaten, or support the positive growth of predators; i) some Alexandrium strains caused loss of motility and cell lysis of the HTDs Oblea rotunda and Oxyrrhis marina by extracellular substances (Tillmann and John 2002) . ii) a toxic strain of A. tamarense inhibited feeding by Favella spp. (Hansen 1995) and also the toxic naked dinoflagellate Gyrodinium aureolum suppresses the growth of F. ehrenbergii (Hansen 1989) . Also, Strombidinopsis sp. and Tiarina fusus did not grow on the toxic dinoflagellate Amphidinium carterae (Jeong et al. 1999b (Jeong et al. , 2002 . Some copepods have been known to reject some toxic MTDs (Huntley et al. 1983 (Huntley et al. , 1986 Turner and Anderson 1983; Uye and Takamatsu 1990) . However, whether or not copepods are able to ingest toxic MTDs is variable (reviewed by Turner and Tester 1997; Colin and Dam 2003) . iii) However, a nontoxic strain of Alexandrium tamarense, the toxic dinoflagellates A. catenella and Dinophysis acuminata, were excellent prey for Favella spp. (Stoecker et al. 1981; Maneiro et al. 2000; Kamiyama and Arima 2001) . Also, the HTD Polykrikos kofoidii exhibited a maximum growth rate on the toxic dinoflagellate Gymnodinium catenatum among diverse dinoflagellate prey. In addition, O. marina grew well on Amphidinium carterae (Jeong et al. 2001a) . Therefore, it is concluded that feeding by heterotrophic protistan and metazoan predators on toxic dinoflagellates was affected by the prey species and strains of a toxic dinoflagellate and also the predator species.
In the ecological aspects, the presence of toxic dinoflagellates may determine the dominant heterotrophic protistan and metazoan predators. The predators which have strong bodies against cell lysis caused by phytotoxins of the toxic dinoflagellates and/or are able to feed on the toxic dinoflagellates (and detoxify the phytotoxins) may dominate zooplankton assemblages. If a predator detoxifies the phytotoxins, the predator plays the role of a sink of phytotoxins in marine food webs. Rapid division of a heterotrophic protistan predator may accelerate the detoxification by attenuating the phytotoxins inside a predator cell. Some copepods are known to transfer phytotoxins sometimes from toxic MTDs to higher level organisms such as fish, seabirds, and marine mammals (e.g. Tester et al. 2000) . The copepods may tolerate the toxins during this transfer. However, a heterotrophic protistan predator may not play a role of a transfer of phytotoxins in marine food webs because it has weak tolerance for toxins, cannot detoxify, or cannot survive for a long time without eating prey.
Red Tides or Harmful Blooms Dominated by Mixotrophic Dinoflagellates
Many MTDs and some HTDs have been known to cause red tides or harmful blooms (e.g. Jeong 1995 ). There have been many studies on these red tides since the 19th century. However, for a long time, there have been some unsolved issues in red tides dominated by MTDs; (1) a mechanism of the outbreak and/or the persistence of red tides dominated by some MTDs such as Karenia brevis, Prorocentrum Table 6 , 7, 8) . Pm: Prorocentrum minimum prey donghaiense, and P. minimum in offshore and/or oceanic waters where the nutrient concentrations are low have been a mystery to the scientists. (2) Also, a red tide dominated by one MTD species has often been followed by a successive red tide dominated by another MTD species in a short period (a few days). When considering the photogrowth rate of the MTD species, the rapid succession of another MTD species in serial red tides has been difficult to explain. However, the discovery of mixotrophy in phototrophic dinoflagellates may give some clue on these unsolved issues.
By combining the results of Jeong et al. (2005b) and Seong et al. (2006) , I propose a possible mechanism of the outbreak and/or the persistence of offshore or oceanic red tides (Fig. 9) ; many MTDs such as K. brevis, P. donghaiense, and P. minimum are able to feed on Synechococcus sp. and heterotrophic bacteria. Therefore, if the MTDs feed on some cyanobacteria which can conduct nitrogen fixation (e.g. Mitsui et al. 1986 ) and heterotrophic bacteria which usually have high P : N ratios (e.g. Tezuka 1990), the MTDs are able to obtain nitrogen and phosphorus simultaneously for their growth in offshore or oceanic waters. It is worthwhile to test this hypothesis in offshore and oceanic waters. Jeong et al. (2005c) suggested that feeding by larger MTDs on smaller MTDs may be a driving force for the succession of dominant species during serial red tides based on the their field data; in Masan Bay, Korea in 2004, a bloom dominated by a mixture of Amphidinium sp. and the raphidophyte Heterosigma akashiwo was followed by one dominated by a mixture of Prorocentrum minimum and P. triestinum, then by Cochclodinium polykrikoides, and then by P. micans in series. P. minimum and P. triestinum which were able to feed on A. carterae and H. akashiwo were ingested in turn by C. polykrikoides and P. micans (Jeong et al. 2004c (Jeong et al. , 2005c . Under these situations, nutrients may not play such an important role in the succession of dominant species during serial red tides; direct transfer of the materials and energy of the organisms that form a red tide into MTDs by predation may not need the uptake and release of nitrogen and phosphorus by the organisms. This may cause uncoupling between nutrient concentrations and MTD abundance in natural environments.
The discovery of mixotrophy in many phototrophic dinoflagellates may change our views of the mechanisms of the outbreak, persistence, and decline of red tides dominated by dinoflagellates, and also of the driving forces for succession in serial red tides. Therefore, to understand the process of red tides, we should consider mixotrophy in dominant dinoflagellates.
Marine Planktonic Food Webs and Roles of Dinoflagellates
Establishing the food webs in the marine planktonic community is one of the most important steps in understanding the cycling of materials and flows of energy and predicting further responses of marine ecosystems to diverse-scaleenvironmental changes. For the last four decades, several new ecological concepts in marine planktonic food webs have been established (Azam et al. 1983 ). In particular, dinoflagellates have been one of the triggers for discovering new pathways and in turn establishing new ecological concepts in marine ecosystems (Bockstahler and Coats 1993a; Jeong 1994b; Jeong et al. 2005b Jeong et al. , 2008 Seong et al. 2006) . For the last decade, several models, including mixotrophic protists in marine microbial food webs, have been established (Stoecker 1998; Stickney et al. 2000; Jost et al. 2004; Hammer and Pitchford 2005) . However, these models may need to be modified in response to recent discoveries related to dinoflagellates. For example, the model established by Stickney et al. (2000) needs to include the data on the feeding by large MTDs on bacteria (Nygaard and Tobiesen 1993; Jeong et al. 2005b; Seong et al. 2006) . Also, most models mentioned above have not included diverse predator- Jeong et al. 2005b; Seong et al. 2006) . Line (2): Feeding by mixotrophic dinoflagellates on phytoplankton (e.g. Stoecker et al. 1997) . Line (3): Feeding by mixotrophic dinoflagellates on other mixotrophic dinoflagellates and mixotrophic nanoflagellates (e.g. Jeong et al. 2005c) . Line (4): Feeding by mixotrophic dinoflagellates on heterotrophic protists (e.g. Bockstahler and Coats 1993a) . Line (5): Feeding by heterotrophic protists on mixotrophic dinoflagellates (e.g. Jeong and Latz 1994) . Line (6): Feeding by metazooplankton on mixotrophic dinoflagellates (e.g. Turner and Tester 1997) . Line (7): Feeding by heterotrophic dinoflagellates on bacteria (e.g. Jeong et al. 2008) . Line (8): Feeding by heterotrophic dinoflagellates on phytoplankton (Hansen 1992; Jeong et al. 2004d ). Line (9): Predator-prey relationships among heterotrophic dinoflagellates (Jeong et al. unpubl. data) . Line (10): Feeding by heterotrophic dinoflagellates on heterotrophic protists (Jeong et al. 2007b ). Line (11): Feeding by heterotrophic dinoflagellates on metazooplankton including eggs and naupliar stages (Jeong 1994b) . Line (12): Feeding by heterotrophic protists on heterotrophic dinoflagellates (Jeong et al. 2004b ). Line (13): Feeding by metazooplankton on heterotrophic dinoflagellates (Gifford and Dagg 1991 Fig. 11 . The prey and predators of Prorocentrum minimum (A) and P. micans (B) so far reported. The blue-colored arrows (routes) emerging from the variety of prey all point to P. minimum or P. micans, while the red-colored arrows (routes) emerging from P. minimum or P. micans lead to the diverse predator species. P. minimum or P. micans box looks like a hub airport and thus we suggest calling each diagram "the Prorocentrum minimum hub" or "the Prorocentrum micans hub" prey relationships among MTDs at the species level and allocated only one or few boxes for mixotrophic organisms. The box should be split into many boxes because many MTDs coexist in water parcels, there are many predatorprey relationships among these MTDs, and the ecological niche of a mixotrophic dinoflagellate is different from that of other MTDs (Jeong et al. 2005c) . Also, Hammer and Pitchford (2005) established a model to address the effect of mixotrophy in plankton bloom dynamics, mainly focussing on Model III mixotrophic organisms which are called photosynthetic "protozoa" by Stoecker (1998) . They assummed that the portion of mixotrophs involving phytoplankton or zooplankton would be small. However, now many have been revealed to be MTDs and also all phototrophic dinoflagellates are suggested to be MTDs. Including large portions of MTDs into Model III mixotrophs may affect their results; mixotrophy may be a large perturbation to the predator-prey system in their model, not a small perturbation.
Based on literature and our recent findings, we established a diagram describing marine planktonic food webs focusing on dinoflagellates (Fig. 10) . One of the most interesting things is the fact that the ecological roles of MTDs in marine plankton food webs are quite different from those of other phytoplankton such as diatoms and phototrophic nano-and microflagellates. Also, two diagrams could be drawn to describe predator-prey relationships between each of two different MTD species (e.g. Prorocentrum minimum and P. micans) and other plankton (Fig. 11) . These two diagrams (so called, Prorocentrum minimum hub and P. micans hub) show that the prey and/or predators of one MTD species are quite different from those of the other MTD species. Therefore, each MTD may have a different ecological niche from that of other MTD species. These different ecological niches and thus they may give an explanation for the phytoplankton co-existence by Hutchinson (1961) and help us to understand the roles of each MTD in marine ecosystems at the species level and also to establish effective ecological models.
As described above, MTDs and HTDs interact with very diverse marine organisms and thus they play diverse roles in marine plankton food webs as follows; (1) in the community level, MTDs and HTDs are effective predators on diverse prey (taxa, size etc.) from bacteria (maybe virus) to metazoans due to their diverse feeding mechanisms. Also, in the species level, a dinoflagellate species is an effective predator on diverse prey items with a wide size range because it has 2 or more different feeding mechanisms depending on the type and/or size of prey. (2) Dinoflagellates are excellent prey for diverse heterotrophic protistan and metazoan predators. Thus, they sometimes play a role of a link between bacteria and some metazoan predators which are unable to ingest bacteria directly. (3) They are strong competitors with red-tide algae, HNFs, and ciliates for picoplankton and with ciliates and metazoans for nanoplankton and larger prey. (4) They sometimes control the populations of diverse prey and play the role of a driving force for rapid succession of dominant species in serial red tides. Also, grazing impact of dinoflagellates on a prey population is often higher or comparable to that of ciliates or copepods due to higher abundance. (5) Some dinoflagellates are able to detoxify phytotoxin. They may play a role of sinking phytotoxins from marine food webs. (6) Dinoflagellates make food webs long and complicated, but they make limited materials to be utilized in maximum. In particular, many predator-prey relationships among dinoflagellates make food webs more complex but support co-existence of many dinoflagellate species with separation of ecological niches at the level of species.
Further Studies
To understand the roles of MTDs and HTDs in marine plankton food webs, it is worth exploring the following questions in future researches: (1) Are there exclusively autotrophic dinoflagellates? So far, approximately 70 phototrophic dinoflagellates have been revealed to be mixotrophic (e.g. Jacobson and Anderson 1996; Stoecker 1999; Jeong et al. 2005c Jeong et al. , 2010 Seong et al. 2006) . Considering the fact that all the MTDs tested in our recent studies were able to feed on bacteria, and also that the endosymbiosis theory describing the origin of plastids is a widely accepted theory (Bhattacharya and Medlin 1995; Hackett et al. 2004; McFadden 2001; Yoon et al. 2002) , other untested dinoflagellates may also be mixotrophic or heterotrophic. It is worthwhile testing the ability of phagotrophy in all phototrophic dinoflagellates not yet tested; (2) Plastids of phototrophic prey organisms belonging to diverse classes such as cyanophyta, cryptophyta, haptophyta, bacillariophyta, dinophyta, can be transferred into MTDs by predation (e.g. Jeong et al. 2005c) . Thus, there is a chance that MTDs can contain diverse plastids originating from diverse classes. Feeding by MTDs on diverse phototrophic organisms having different plastids supports the hypothesis of tertiary endosymbiosis (ancestor of dinoflagellates engulfing a eukaryotic cell with a secondary plastid) and multiple origins of dinoflagellates (Bhattacharya et al. 2003) . However, considering the ability of all MTDs tested in our study to feed on cyanobacterium Synechococcus (Jeong et al. 2005b) , there may be some dinoflagellates containing plastids originating from cyanophyta. To explore evolution in algae, it is worthwhile exploring the relationships between the feeding occurrences, types of plastids, DNA sequences, and gene expression of MTDs and their prey. (3) There may be some predator-prey relationships between MTDs and other marine organisms so far not observed. For example, MTDs may feed on small heterotrophic nanoflagellates, or vice versa. However, this has been not tested yet. The discovery of unknown food webs is critical and serves our understanding of ecology and evolution in phototrophic organisms and increases the validity of ecological models and predictions. (4) DNA difference in dinoflagellates may cause difference in morphology and enzymes involving in feeding and digesting prey. Therefore, it is worthwhile exploring the relationships among phylogeny tree based on DNA sequence, morphology, feeding enzymes, and morphology of dinoflagellates.
